Two series of experiments were performed on anesthetized dogs whose hindlimbs were perfused at constant flow and the blood pressures in the femoral artery, aortic arch, and carotid sinus recorded. The reflex changes in hindlimb vascular resistance were determined in response to changes in pressure in the aortic arch in the first series, and in the carotid sinus in the second. In each series, when one baroreceptor area was stimulated, the other area was eliminated-in the first series, by perfusing the carotid sinuses at constant pressure, and in the second, by vagotomy. The quantitative relationships between hindlimb vascular resistance and pressure at each of the two baroreceptor sites were determined over the low frequency range (0.001-0.1 Hz). The average estimated steady-state gain of the carotid sinus baroreceptor system was 2.22 ± 0.19 (SE) and that of the aortic baroreceptor system 1.06 ± 0.13. The time courses of response for both systems were similar but the aortic baroreceptors were about half as sensitive as the carotid sinus baroreceptors over the entire frequency range.
• It has been known for many years that a depressor reflex is elicited by stimulation of the baroreceptor region in the aortic arch and at the origin of the brachiocephalic artery (1) . However, most studies of baroreceptor control of the circulation have centered on the carotid sinus region, mainly because of the relative ease of isolating it from the rest of the circulation. Only in recent years have attempts been made to compare the relative effects of stimulation of the carotid sinus and aortic baroreceptors (2) (3) (4) .
Comroe (5) observed that the cardiovascular and respiratory responses to carotid body chemoreceptor stimulation differ from those to aortic body chemoreceptor stimulation. These observations, which were later confirmed by Daly and Ungar (6) , give rise to the possibility that there may be similar important differences in the cardiovascular responses to carotid sinus and aortic baroreceptor stimulation. Very little information exists on the quantitative relationship between aortic baroreceptor stimulation (changes in aortic pressure) and the reflex change in vascular resistance. The purpose of the present study 120
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was (1) to determine the reflex changes in vascular resistance at different frequencies of aortic baroreceptor stimulation, and (2) to compare these results with results obtained by a similar form of stimulation of the carotid sinus baroreceptors. The frequency response relationships were determined by spectral analysis (7) .
Methods EXPERIMENTAL PREPARATIONS AND TECHNIQUES
The baroreceptors in the regions adjacent to the root of the aorta will be referred to collectively in this paper as aortic baroreceptors. These include baroreceptors in the aortic arch and near the origin of the brachiocephalic artery and those receptors in the wall of the left ventricle and in the coronary artery responsive to blood pressure changes within the physiological range.
Two series of experiments were performed on greyhounds weighing 19-33 kg. In all experiments, the dogs were anesthetized with a mixture of chloralose (50 mg/kg) and urethane (0.5 g/kg) injected intravenously. The chloralose was previously dissolved in polyethylene glycol. Additional doses of anesthetic were administered when required. Rectal temperature was monitored continuously and maintained between 35° and 38°C (by electric heating blankets and room heating). The dogs were ventilated by a positive pressure respirator with carbon dioxide (0-5%) and oxygen to minimize chemoreceptor activity. Arterial blood samples were taken before and during recording in each experiment, and the blood Po 2 , Pco 2 , and pH in each sample measured by Radiometer electrodes.
The Pco 2 and pH were maintained by adjustment of ventilation (minute volume and CO 2 content of inspired gas) and infusion of 5% sodium bicarbonate solution as necessary. Recording was not begun until steady levels of these parameters were achieved. In the aortic baroreceptor series of experiments, the mean Po 2 was 441 ± 48 (SD) mm Hg, Pco 2 40 ± 4.4 mm Hg, and pH 7.40 ± 0.06. In the carotid sinus series, mean Po? was 517.5 ± 34 mm Hg, Pco, 42.7 ± 3.6"mm Hg, and pH 7.37 ± 0.04.
In all experiments, the hindlimbs were perfused as illustrated in Figure 1 . An abdominal incision was made and the abdominal aorta exposed from just below the renal arteries to the bifurcation. All branches below the renal arteries were tied with the exception of the -external iliac arteries. Heparin (10,000-15,600 IU) was injected intravenously to prevent clotting, and blood was allowed to flow into the reservoir bottle (capacity 500 ml) via large bore polyvinyl tubing. The reservoir bottle and tubing had been previously filled with a mixture of 250 ml of Krebs's solution and 250 ml of either 5% dextran or another similar plasma volume expander (Haemaccel 1 ) warmed to body temperature. A constant mean flow pulsatile pump then pumped blood out of the reservoir bottle into the lower part of the abdominal aorta. The glass cannulas, polyvinyl tubing, and glass reservoir bottle were all thoroughly cleaned and siliconized.
The rate of flow of blood into the reservoir was controlled by an adjustable clamp. The pump frequency was set at 90-100/min, and the total blood flow to the hindlimbs (430-720 ml/min) was set by adjusting the stroke volume of the pump. Arterial pressure in the hindlimbs was measured via a branch of one of the femoral arteries. All blood pressure measurements were made through polyvinyl catheters attached to Sanborn P267B transducers.
The time taken to achieve perfusion-from clamping the abdominal aorta to restoring hindlimb circulation via the pump-was always less than 5 minutes. The hindlimbs in all experiments exhibited reactive hyperemia, which gradually disappeared. After 10-15 minutes, the stroke volume of the pump was adjusted, if necessary, to make mean femoral arterial pressure approximately equal to mean arterial pressure in the naturally perfused part of the circulation.
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Any blood exuding from the abdominal or neck wounds during the experiments was collected by a suction device into a graduated flask, giving an approximate measure of the amount of blood lost. The estimated blood volume loss was replaced by further infusion of 5% dextran or Haemaccel.
Aortic Baroreceptor Series.-In nine experiments designed to measure the effects of aortic pressure changes on hindlimb vascular resistance while carotid sinus reflex effects were eliminated, the following additional procedures were performed. Aortic pressure was measured via a common carotid artery. In six experiments, the carotid sinuses were isolated from the rest of the circulation by the classic Moissejeff preparation, as described by Heymans and Neil (8) . The isolated sinuses were perfused with oxygenated Krebs's solution at constant pressure, which was approximately equal to mean systemic pressure. Carotid sinus pressure was measured via one of the lingual arteries.
In the remaining three experiments, the carotid sinuses were not perfused but instead were denervated by stripping the adventitia from the wall of each. This procedure also denervated the carotid body chemoreceptors. Denervation was confirmed by the absence of any reflex response to carotid occlusion.
In four experiments, both cervical vagi were cut after recording aortic baroreceptor reflex effects. This included one of the experiments in which the carotid sinuses had been denervated. Aortic pressure and femoral arterial pressure were then recorded simultaneously while a series of changes in aortic pressure was induced.
Carotid Sinus Series.-In seven experiments designed to measure the effect of carotid sinus baroreceptor stimulation on hindlimb vascular resistance while aortic baroreceptor effects were eliminated, the carotid sinuses were left intact but the animals were vagotomized. In these preparations, only carotid sinus pressure (via the lingual artery) and femoral arterial pressure were measured, except in one experiment in which femoral venous pressure was also measured.
Control Experiments.-Four experiments were performed to determine the effect of changing the aortic pressure on pressures in the great veins, pulmonary artery, and cardiac chambers. The hindlimbs were perfused, and catheters were placed in the superior vena cava, right atrium, right ventricle, pulmonary artery, and left atrium. The chest was then closed, the pneumothorax reduced, and the animal maintained on positive pressure ventilation. Pressure changes in the lowpressure regions were recorded while aortic pressure was changed as described above. Since stretch receptors exist in at least some of these regions (9) (10) (11) (12) (13) (14) , the object of these experiments Section of recorded data from an aortic baroreceptor experiment.
was to determine the relationship between pressure changes in the aorta and pressure changes in the low-pressure thoracic circulation.
METHOD OF STIMULATION AND RECORDING
Each baroreceptor region was stimulated by changing the pressure to which it was subjected by tightening or loosening the clamp (Fig. 1) on the tubing leading into the reservoir bottle. This was done in such a way that the reservoir bottle at no time overflowed or emptied, and the mean blood pressure at the baroreceptor site never dropped below 50-60 mm Hg. Figure 2 is a section of recording from a typical experiment in the aortic baroreceptor series, illustrating the form of the stimulus and the reflex response to it.
This procedure was repeated at random intervals varying between 10 and 100 seconds over a total period of at least 90 minutes. The intervals were obtained from a table of random numbers. The following data were continuously recorded on magnetic tape: (1) in the aortic baroreceptor series, carotid sinus pressure, aortic pressure and femoral arterial pressure; (2) in the carotid sinus series, aortic pressure and femoral arterial pressure only; (3) in one experiment in the control series, aortic pressure and right atrial pressure.
DATA ANALYSIS
Since the hindlimbs were perfused at constant mean flow, hindlimb vascular resistance was directly proportional to the perfusion pressure across the vascular bed of the limbs. In one experiment in which femoral venous pressure was measured it was found that in response to baroreceptor stimulation it changed only a negligible amount compared with the changes in femoral arterial pressure. For this reason, hindlimb vascular resistance was taken to be represented by mean femoral arterial pressure only.
The reflex response of hindlimb vascular istance to pressure changes at each of the roreceptor sites was analyzed by considering o separate input-output systems, i.e., aortic essure-hindlimb vascular resistance and carotid us pressure-lundlimb vascular resistance. In each case, the recorded input and output gnals were filtered to remove pulsatile changes pressure. Using the method described by ylor (7), these filtered signals were sampled at crete intervals of 2.5 seconds, punched onto per tape, and then subjected to spectral alysis. The gain and phase relationships tween the input and output were then lculated over the low frequency range 001-0.1 Hz at increments of 0.001 Hz. The herence, a quantity which in this form of timeries analysis is analogous to the correlation efficient of elementary statistics, was also mputed for each frequency. Table 1 shows the dog weight, the aortic essure range, femoral arterial pressure nge, mean aortic pressure, mean femoral terial pressure and mean hindlimb flow. In experiments, a change in pressure at either e aortic or the carotid sinus baroreceptor site cited a reflex change in hindlimb vascular sistance in the opposite direction (Fig. 2) . value of IT was therefore subtracted from e computed phase differences to comply with the normal convention of phase differences beginning at zero for zero frequency.
Results
Experiments on Aortic Baroreceptors--The averaged results for these six experiments are illustrated in Figure 3 , together with the averaged results for the remaining three experiments in the series in which the carotid sinuses were denervated.
The overlap and obvious similarity between these two sets of results demonstrate that there is no significant difference between them over the entire frequency range. All nine experiments were therefore grouped together and averaged as shown in Figure 4 .
In all nine experiments the gain of the reflex was found to be a maximum in the very low frequency range (0.001-0.005 Hz), where the average maximum gain was 1.1. As the frequency increased, the gain decreased. On the other hand, the phase difference tended to increase with increasing frequency, approaching a value close to TT radians.
In the four experiments in which the vagi had been cut at the conclusion of the recording of aortic baroreceptor reflex effects, any changes in femoral arterial pressure during subsequently induced changes in aortic pressure were found to be uncorrelated with 
Gain is in nondimensional unite (mm Hg/mm Hg).
these. In particular, simultaneous parallel changes in femoral arterial pressure with changes in aortic pressure were never observed, implying the absence of any significant hindlimb collateral circulation.
Experiments on Carotid Sinus Baroreceptors,-The averaged results and standard errors for the gain and phase estimates for all seven of the experiments in this series are shown in Figure 4 . As with the aortic baroreceptors, the gain was a maximum at the very lowest frequencies and then decreased as the frequency increased. The average maximum gain was 2.2. The phase difference increased with increasing frequency, approaching a value close to TT radians, as in the aortic baroreceptor series.
Comparison of the Two Series.-The gain estimates for the aortic baroreceptors were much lower than the corresponding estimates for the carotid sinus baroreceptors. On the other hand, the averaged phase estimates for both series showed an obvious similarity. It 
FIGURE 4

Averaged gain and phase residts for the aortic baroreceptor and carotid sinus baroreceptor experiments. Gain is in nondimensional units (mm Hg/mm Hg).
was also noted that the variation of gain estimates for the aortic baroreceptors was much less than for the carotid sinus baroreceptors.
The ratio of averaged gain estimates of the carotid sinus baroreceptors to those of the aortic baroreceptors was calculated over the frequency range 0.001-0.1 Hz at increments of 0.005 Hz. This ratio did not show any significant variation with frequency, being approximately 2:1 over the entire range. Therefore, no significant differences were found in the frequency response characteristics of the two baroreceptor systems studied.
Control Experiments.-In all four experiments, the following observations were made when aortic pressure was reduced by a considerable amount, up to 70 mm Hg. (1) Superior vena caval and right atrial pressure decreased, but rarely more than 2 mm Hg. It was also noted that a change in pressure in these regions did not occur simultaneously with a change in aortic pressure, but lagged behind by 3-5 seconds. In one experiment, the precise phase relationship between aortic pressure and right atrial pressure was determined over the frequency range 0.001-0.10 Hz. The phase lag increased roughly linearly with increasing frequency, corresponding to a time lag of about 4 seconds. For example, the phase lag was 1,25 radians at a frequency of 0.05 Hz. As discussed below, this observation is of importance because it allows an assessment of the contribution of any of the lowpressure receptors to the stimulus responsible for the reflex responses.
Discussion
POSSIBLE RECEPTORS INVOLVED IN THE OBSERVED REFLEXES
According to Biscoe et al. (15, 16) chemoreceptor discharge is minimal at a Po 2 above 190 mm Hg and is also relatively unaffected by changes in arterial pressure in the range 60-160 mm Hg. Since the values of Po in our experiments were always well above 300 mm Hg, and since arterial pressure fell only occasionally to 60 mm Hg, it was concluded that chemoreceptor reflexes were not involved in the observed responses.
The reflex changes in hindlimb vascular resistance in response to changes in aortic pressure were abolished by a combination of vagotomy and either denervation or vascular isolation of the carotid sinuses. Since cerebral and renal vascular beds were still subjected to variations in arterial pressure, this observation eliminates their participation in the reflex responses; it also eliminates any significant participation by baroreceptors in the descending thoracic aorta, the afferent fibers of which travel in the somatic nerves (17) .
Since vagotomy and denervation of the carotid sinuses was sufficient to abolish reflex changes in hindlimb vascular resistance, it was concluded that the carotid sinus baroreceptors alone were responsible for the reflex measured in the carotid sinus series.
In the aortic baroreceptor series, it might be suggested that receptors in regions other than the aortic arch (ventricular, coronary, and low-pressure baroreceptors) may contribute to the reflex responses to variations in aortic pressure. We have shown that the pressure changes in the low-pressure regions lagged behind those in the aorta by 3-5 seconds, but since the phase relationships (and therefore the time courses) for the aortic and carotid sinus series were very similar, we have concluded that the low-pressure regions make no detectable contribution to the reflex.
There remains to be considered the depressor reflexes which arise from stimulation of stretch receptors in the wall of the left ventricle (18, 19) and the coronary arteries (20, 21) . These workers have found that in general the effects of left ventricular and coronary baroreceptor stimulation on peripheral resistance is slight. It was concluded, then, that the observed reflex effects are predominantly caused by stimulation of aortic arch baroreceptors, with a possible contribution by receptors in the left ventricle and coronary arteries.
FREQUENCY RESPONSE AND SPECTRAL ANALYSIS
The frequency response characteristics of the overall carotid sinus baroreceptor system have been studied by various authors (22) (23) (24) . In a linear system, knowledge of the frequency response allows a determination of the output for any given input and an assessment of the stability of the system under given conditions. Because the carotid sinus baroreceptor system exhibits nonlinearity (25, 26) , caution must be exercised in determining the frequency response of baroreceptor systems.
Most investigators who have attempted a quantitative dynamic analysis of baroreceptor function have approached it as if it were a linear system and have considered the behavior of all or part of the baroreceptor loop in response to sinusoidal stimulation of either the baroreceptors themselves, the carotid sinus or aortic nerve, or the sympathetic nerves (22, (27) (28) (29) . The measured output in these experiments is never a pure sinusoid, but in general, the contribution of higher harmonics in the output waveform has been found small enough to allow measurements of gain and phase difference between the input sinusoid and fundamental sinusoid of the output waveform.
As a means of determining gain and phase estimates of a biological system, spectral analysis has two main advantages over the more direct method of applying sinusoidal stimuli of different frequencies: (1) A greater number of frequencies can be studied, (2) It is necessary only to measure accurately, and not to control accurately, the input to the system.
Experiments performed in our laboratory in which sinusoidal pressures of different frequencies were applied to perfused carotid sinuses and the systemic pressure response measured, gave gain and phase values similar to those previously obtained by the method of random stimulation and spectral analysis (unpublished observations). Levy et al. (30) studied the cardiac and respiratory responses to aortic arch baroreceptor stimulation using an isolated aortic arch preparation. They did not, however, examine reflex changes in vascular resistance. More recently, Allison et al. (31) made quantitative measurements of the open-loop gain of the aortic arch pressure-vascular resistance system. Hainsworth et al. (32) studied the reflex effects on heart rate and vascular resistance of changing the pressure in the vascularly isolated perfused aortic arch and compared the responses to those induced by a similar pressure change to the isolated perfused carotid sinuses.
COMPARISON OF DYNAMIC CHARACTERISTICS OF CAROTID SINUS AND AORTIC BARORECEPTOR REFLEX SYSTEMS
In the experiments performed by all these authors, nonpulsatile pressures were applied to the vasosensory areas. In each case also, the applied stimulus was a stepwise change in the pressure at the baroreceptor site, and the response was the steady-state value of the vascular resistance, heart rate, or respiratory rate, after the initial transient effects had Circulation Rsiturch, Vol. XXIX. August 1971 disappeared. Our analytic method, which estimated the gain and phase for frequencies over the range 0.001-0.1 Hz, did not include a direct measurement of the steady-state or D-C gain. However, it seems reasonable to assume that the estimated gain at a very low frequency, such as 0.005 Hz, would correspond closely to the steady-state value.
Hainsworth et al. (32) found that a smaller vascular resistance change was produced by a step change in aortic pressure than by a similar change in carotid sinus pressure. However, the authors point out that their technique of tying a rigid metal cannula into the aorta may have affected the sensitivity of the aortic baroreceptor reflex, making a comparison with the carotid sinus reflex difficult.
Angell James and Daly (4) compared the reflex changes in vascular resistance to similar rises in pressure in the separately perfused aortic arch and carotid sinuses. They found that the reflex vascular resistance change to a step change in carotid sinus pressure was significantly greater than the response to a similar change in aortic arch pressure when the baroreceptor perfusion pressures were nonpulsatile, hut not significantly different when these were pulsatile.
The latter finding is not in agreement with the results of our experiments, in which the baroreceptor areas were subjected to the animal's normal pulsatile blood pressure. The pulse pressures measured in our experiments were in the range 25-50 mm Hg and were to some extent dependent on the mean pressure. The pulse pressures used by Angell James and Daly averaged 60 mm Hg and were maintained constant during each experiment. It seems surprising, however, that these differences in pulse pressure should be sufficient to alter the relative sensitivities of the carotid sinus and aortic baroreceptors.
Lamberti et al. (33) in experiments on unanesthetized dogs, studied blood pressure regulation by indirect means. Using a mathematical model of blood pressure control, they estimated that the open-loop, steady-state gain of the aortic baroreceptor reflex is about 60% of the value of the open-loop, steady-state gain of the carotid sinus reflex. The baroreceptor areas in these dogs were of course subjected to physiological, pulsatile pressures, and their estimates of the relative steady-state gains of the aortic and carotid sinus reflex systems agree well with ours.
In view of the findings of Irisawa and Ninomiya (3) that in cats and rabbits a unit change in blood pressure causes a change in carotid sinus nerve activity which is about twice the change in aortic nerve activity, and the observation by other workers that the threshold and saturation points for the aortic baroreceptors are higher than for the carotid sinus baroreceptors (29) (30) (31) , it might be suggested that the crucial difference between the two baroreceptor reflex systems lies at the baroreceptor sites.
Thus the arterial wall tension and elasticity and the number and location of baroreceptors in each baroreceptor region may be the factors primarily responsible for the observed differences in the sensitivity of carotid sinus and aortic baroreceptor reflex effects on hindlimb vascular resistance.
